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Abstract
We consider a supersymmetric hybrid inflation model with two inflaton fields. The superpotential
during inflation is dominated by W = (κS + κ′S′)M2, where S, S′ are inflatons carrying the
same U(1)R charge, κ, κ
′ are dimensionless couplings, and M (∼ 1015−16 GeV) is a dimensionful
parameter associated with a symmetry breaking scale. One light mass eigenstate drives inflation,
while the other heavier mass eigenstate is stuck to the origin. The smallness of the lighter inflaton
mass for the scalar spectral index ns ≈ 0.96, which is the center value of WMAP7, can be controlled
by the ratio κ′/κ through the supergravity corrections. We also discuss the possibility of the two
field inflation and large non-Gaussianity in this setup.
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I. INTRODUCTION
Although inflation seems to be inevitable in cosmology to resolve the homogeneous and
flatness problems, it is highly nontrivial to realize the idea in the scalar field theory frame-
work [1]. It is because a small scalar mass is perturbatively unstable, and a heavy inflaton
mass term destroys the slow-roll conditions needed for sufficient e-folds (& 50–60). Super-
symmetry (SUSY) is helpful for keeping the smallness of the inflaton mass against quantum
corrections, but it is just up to the Hubble scale. Supergravity (SUGRA) correction in de
Sitter space usually induces a Hubble scale mass term of the inflaton at tree level even with
the minimal Ka¨hler potential, unless the model is carefully constructed. It is called the “η
problem.”
One of the promising models, which potentially avoids the η problem, is the SUSY hybrid
inflation model [2, 3]. In that model, the superpotential is dominated byW = κSM2 during
the inflation era, where S denotes the inflaton superfield, and κ and M are dimensionless
and dimensionful parameters, respectively. M turns out to be associated with a symme-
try breaking scale. With this superpotential, the SUGRA correction does not induce the
dangerous Hubble scale inflaton mass term (3H2|S|2) in the scalar potential, if the Ka¨hler
potential is given by the minimal form (K = |S|2) [2, 4]: such a mass term is accidentally
canceled out at tree level in this model. However, a quartic term with the dimensionless
coefficient of order unity in the Ka¨hler potential, K ⊃ c1|S|4/4M2P , whereMP is the reduced
Planck mass (≈ 2.4 × 1018 GeV), generates the unwanted inflaton mass term in the scalar
potential. Actually, only the quartic term in the Ka¨hler potential is dangerous, while higher
order terms with coefficients of order unity are all harmless, because |S| . MP . Therefore,
only the coefficient c1 should be assumed to be adequately suppressed (. 10
−2). This naive
assumption needs to be justified by a UV theory or a quantum gravity theory in the future.
A remarkable feature in the SUSY hybrid inflation model is that the CMB anisotropy
δT/T is proportional to (M/MP )
2 [3]. Thus, the observational data of δT/T ∼ 10−5 [5]
determine the spontaneous symmetry breaking scale: M ≈ 1015−16 GeV, which is tantaliz-
ingly close to the scale of SUSY grand unified theory (GUT) [3]. As a result, the SUSY
hybrid inflation model can be embedded in the models of SUSY GUT. Indeed, this idea
has been combined with the particle physics models of SU(3)c×SU(2)L×SU(2)R×U(1)B−L
[6], SU(4)c×SU(2)L×SU(2)R [7], SU(5)×U(1)X [8], and SO(10) [9]. In those models, M is
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interpreted as the U(1)B−L breaking scale.
In the SUSY hybrid inflation model, the scalar spectral index is predicted:
ns ≈ 1 + 2η ≈ 1− 1
Ne
≈ 0.98, (1)
where η (≡ M2PV ′′/V ) is the slow-roll parameter, and Ne denotes the e-folding number
(= 50–60). On the other hand, the recent WMAP 7-year (WMAP7) observation result on the
scalar spectral index is ns = 0.96
+0.014
−0.013 [5]. Thus, the prediction of the SUSY hybrid inflation
model, ns ≈ 0.98 is quite deviated from the center value of the WMAP7 result. Indeed,
unless relatively larger SUGRA corrections are included or the model is much ameliorated,
the deviation is not easily overcome.
Ref. [10] shows that the relatively smaller spectral index can be achieved, particularly
if inflation takes place near the local maximum of the scalar potential. For obtaining such
a local maximum of the inflaton’s scalar potential, a negative mass term of the inflaton is
needed. In the SUSY hybrid inflationary model, it can be supported from the non-minimal
Ka¨hler potential.
The literatures attempted to explain the center value of ns (≈ 0.96) by considering a
small (but relatively larger) quartic [10, 11] term and/or a more higher order term [12] in
the Ka¨hler potential, or a soft SUSY breaking “A-term” [13] in the scalar potential. In this
paper, we will point out that the superpotential, which is quantum mechanically controllable,
also can play an essential role in explaining ns ≈ 0.96. We will discuss also the possibility
of the two field inflation and large non-Gaussianity in this setup.
II. “HILLTOP INFLATION”
The SUSY hybrid inflation model is defined as the following superpotential [2, 3]:
W = κS(M2 − ψψ), (2)
where ψ and ψ are a conjugate pair of superfields carrying gauge and/or global charges. At
the SUSY minimum, S = 0 and |ψ| = |ψ| =M by including the D-term potential, breaking
a symmetry by the non-zero vacuum expectation values (VEVs) of ψ and ψ. Inflation starts
when the inflaton S is much deviated from the minimum, S & M . Then, the complex scalars,
ψ and ψ obtain heavy masses, by which ψ = ψ = 0 during inflation. It is the quasi-stable
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point. Thus, the superpotential is dominated by W = κSM2 during inflation. It provides a
positive constant vacuum energy density κ2M4, which gives rise to inflation. As mentioned
above, the superpotential W = κSM2 and the minimal Ka¨hler potential do not raise the “η
problem.” Since the higher order terms of the singlet S in the superpotential destroys the
slow-roll conditions, they should be forbidden by introducing the U(1)R symmetry.
1 The
triggering condition for inflation, S & M would be possible, if the universe was hot enough
before inflation was initiated.
Because of the positive vacuum energy, SUSY is broken and so the constant scalar po-
tential is quantum mechanically corrected. Neglecting the SUGRA corrections, thus, the
scalar potential is given by [3]
V ≈ κ2M4
(
1 +
κ2
16π2
log
κ2|S|2
Λ2
)
, (3)
where the logarithmic term denotes the quantum correction when S & M , and Λ means the
renormalization scale. It makes a small slope in the potential, leading the inflaton to the
SUSY minimum. As shown in Eq. (1), however, the scalar potential Eq. (3) yields ns ≈ 0.98,
unless it is somehow modified.
Let us consider the following form of the modified inflaton potential:
V = µ4
(
1 + α log ϕ+
δ
2
ϕ2
)
, (4)
where µ4 is the positive vacuum energy density leading to inflation. The dimensionless
field ϕ denotes an inflaton scalar defined as S/MP . The logarithmic term arises from the
quantum correction caused by SUSY breaking [3]. Comparison with Eq. (3) yields the
relations, µ4 ≈ κ2M4 and α ≈ κ2/8π2. In Eq. (4), the inflaton’s mass term is introduced:
V ⊃ (δ/2)µ4ϕ2 = (3δ/2)H2S2, where H (= √µ4/3M2P ) is the Hubble constant during
inflation. For successful inflation, thus, the dimensionless coupling δ should be small enough,
|δ| ≪ 1.
The slow-roll parameter ǫ is still much smaller than |η|. It is basically because ϕ is
assumed to be smaller than the unity. In the presence of the mass term in Eq. (4), the
expressions of the e-folding number “Ne” and “η” are given by [10]
Ne =
1
2δ
log
(
1 +
δ
α
ϕ2
)
, and η = δ × e
2δNe − 2
e2δNe − 1 . (5)
1 U(1)R is eventually broken e.g. by SUSY breaking effect or instanton effect. If U(1)R is broken at the
hidden sector, the U(1)R axion cannot be the QCD axion.
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We note that in the limit of δ → 0, the expression for Ne and η become ϕ2/2α and −1/2Ne,
respectively, which are the expressions given in the original form of the SUSY hybrid inflation
model. In Eq. (5), the limit α → 0 does not make sense. It means that the logarithmic
quantum correction makes an important contribution to Ne.
With the help of the inflaton mass term, the scalar spectral index can be compatible with
the center value of WMAP7:
ns ≈ 1 + 2η ≈ 0.96 for δ
2
= −3.5× 10−3. (6)
Here we set Ne = 55, but ns is quite insensitive to large Nes. Since the sign of the quadratic
mass term in Eq. (4) is negative, the potential is convex-upward. If the inflaton starts at a
point of V ′ > 0 or α + δ · ϕ2 > 0, the inflaton can roll down eventually to the origin. It is
fulfilled for κ & 5× 10−2 (5× 10−3) and ϕ ∼ 0.1 (0.01). Actually, inflation would take place
near the local maximum, “hilltop” [10], unless ϕ≪ 1.
The curvature perturbation is estimated as
P1/2
R
=
1√
12πM3P
V 3/2
V ′
≈
(
M
MP
)2√
2|1− e2δNe |
3|δ| e4δNe , (7)
where we set µ2 = κM2. For Ne = 55, δ = −7.0 × 10−3, and P1/2R ≈ 4.93 × 10−5 [5], M is
approximately 4.3×1015 GeV, which is slightly lower than that in the case of δ = 0 (5.7×1015
GeV). If 1012 GeV . M . 1015 GeV, the curvature perturbation should be supplemented by
another scalar field, “curvaton” [14]. Then, inflation does not have to occur near the local
maximum, since the room between M . S and S ≪ MP (or ϕ ≪ 1) can be much larger.
If M ≪ 1015 GeV, however, the inflationary scenario cannot be embedded in a SUSY GUT
model any more. With the scalar potential Eq. (4), the fraction of the tensor perturbation
is unlikely to be detectable in the near future.
III. TWINFLATION
The negative small inflaton mass squared in Eq. (4) can be supported from a small quartic
term of the Ka¨hler potential [10, 11], but we will explore another possibility. Let us introduce
one more inflaton S ′. It carries the same quantum number as S, but has a mass different
from that of S. Actually, no intrinsic reason why only one inflaton field S should exist in
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nature can be found. In the presence of the twin inflanton fields {S, S ′}, and two pairs of
the waterfall fields {ψ1, ψ1}, {ψ2, ψ2}, the general superpotential takes the following form:
W = S
(
κ1M
2 − κ1ψ1ψ1 − κ2ψ2ψ2
)
+ S ′
(
κ′2M
′2 − κ′1ψ1ψ1 − κ′2ψ2ψ2
)
, (8)
where we assign the U(1)R charges of 2 (0) to S and S
′ (ψ1,2 and ψ1,2) such that the higher
power terms of S and S ′ are forbidden.2 The different coupling constants κ1,2 and κ
′
1,2
distinguish S and S ′. We assume that κ
(′)
1,2 and M
(′)2 are real quantities for simplicity. At
the SUSY minimum, ψ1,2 and ψ1,2 get heavy masses as well as the VEVs, satisfying ψ
∗
1 = ψ1
( 6= 0), ψ∗2 = ψ2 ( 6= 0), and κ1M2 − κ1ψ1ψ1 − κ2ψ2ψ2 = κ′2M ′2 − κ′1ψ1ψ1 − κ′2ψ2ψ2 = 0.
Hence, both S and S ′ also get heavy masses, and so S = S ′ = 0.
Similar to the original SUSY hybrid inflationary scenario, inflation in this model can be
initiated at a quasi-stable point of{
(κ1S + κ
′
1S
′)2 & |κ21M2 + κ′1κ′2M ′2| , and
(κ2S + κ
′
2S
′)2 & |κ′22 M ′2 + κ1κ2M2| ,
(9)
for which the tree level scalar potential is minimized at ψ1 = ψ1 = ψ2 = ψ2 = 0. The
left (right) hand sides of Eq. (9) come from the (off-) diagonal components of the mass
matrices for (ψ1, ψ
∗
1) and (ψ2, ψ
∗
2). Thus, inflation is described by the following effective
superpotential:
W = (κS + κ′S ′)M2, (10)
where we redefined κ and κ′ as
κ ≡ κ1 and κ′ ≡ κ′2
(
M ′2
M2
)
. (11)
We will assume a mild hierarchy between κ and κ′, i.e. κ′/κ = (κ′2M
′2/κ1M
2) ∼ O(1−10−3),
and M ≈ 4.5 × 1015 GeV. With Eq. (10), we obtain again the constant vacuum energy at
tree level, breaking SUSY. So the logarithmic quantum corrections will be generated in the
scalar potential as in the single inflaton case.
2 Since the U(1)R symmetry is unique in N = 1 SUSY theory, S
′ should carry the exactly same charge with
S. On the other hand, ψ2 and ψ2 can carry the charges different from those of ψ1 and ψ1, and respect
a symmetry different from that ψ1 and ψ1 respect. Such a symmetry could be anomaly-free. The issue
associated with topological defects by 〈ψ1ψ1〉, 〈ψ2ψ2〉 can be addressed by considering the higher power
terms, S(′)(ψ1ψ1)
2 and S(′)(ψ2ψ2)
2, etc. in the superpotential, leaving intact the original inflationary
scenario [7].
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The Ka¨hler potential is expanded with the power of S(′)/MP (. 1) up to the quartic
terms as
K = |S|2 + |S ′|2 + c1 |S|
4
4M2P
+ c′1
|S ′|4
4M2P
+ c2
|S|2|S ′|2
M2P
+
c3|S|2 + c′3|S ′|2
2M2P
(SS ′∗ + S∗S ′), (12)
where c
(′)
i (i = 1, 2, 3) are dimensionless coefficients. The quartic terms’ coefficients of order
unity in the Ka¨hler potential would destroy the slow-roll condition of the inflation. In
the original version of the SUSY hybrid inflation model, as mentioned in Introduction, the
quartic term coefficient c1 in the Ka¨hler potential, K = |S|2+ c1|S|4/4M2P + · · · , is assumed
to be suppressed (. 10−3) in order to satisfy Eq. (6) as well as the slow roll condition. Along
the line of it, we also assume one fine-tuned relation among the parameters of the Ka¨hler
potential, c1, c2, and c3:
c1 +
c23
1− c2 ≡ ǫ . O(10
−3). (13)
Namely, ǫ is assumed to be of order 10−3 [Case (A)] or smaller [Case (B,C)]. Actually
Eq. (13) can be satisfied, e.g. if they all are of order unity or smaller, but related to each
other by c1 ≈ −c23/(1− c2) [Case (A,B)], or if they (particularly c1 and c3) are sufficiently
suppressed, c1, c
2
3/(1− c2) . O(10−3) [Case (A,C)]. Indeed, c3 can be made suppressed
by introducing a symmetry. We will propose later a simple idea, making c3 adequately
suppressed. In that case, only c1 is assumed to be small in the bare Ka¨hler potential as in
the original version of the SUSY hybrid inflation.
With Eqs. (10) and (12), the corrections coming from the scalar potential in SUGRA,
VF = e
K/M2
P
[
K−1ij∗DiW (DjW )
∗ − 3
M2P
|W |2
]
(14)
can be estimated. In our case, i, j = {S, S ′}. K−1ij∗ and DiW stand for the inverse Ka¨hler
metric and the covariant derivative of the superpotential, respectively. Up to the quadratic
terms, their components are approximately given by
K−1SS∗ ≈ 1 +
(
c23
1− c2 − ǫ
) |S|2
M2P
− c2 |S
′|2
M2P
− c3
M2P
(SS ′∗ + S∗S ′) , (15)
K−1S′S′∗ ≈ 1− c′1
|S ′|2
M2P
− c2 |S|
2
M2P
− c
′
3
M2P
(SS ′∗ + S∗S ′) , (16)
K−1SS′∗ ≈ −c2
S ′S∗
M2P
− c3 |S|
2
M2P
− c′3
|S ′|2
M2P
, K−1S′S∗ ≈ −c2
SS ′∗
M2P
− c3 |S|
2
M2P
− c′3
|S ′|2
M2P
, (17)
DSW ≈M2
(
κ+ κ
|S|2
M2P
+ κ′
S ′S∗
M2P
)
, DS′W ≈M2
(
κ′ + κ′
|S ′|2
M2P
+ κ
SS ′∗
M2P
)
. (18)
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In Eq. (15), we inserted Eq. (13). The scalar potential Eq. (14) is, thus, estimated as
VF ≈ κ2M4
{
1 +
(
c23
1− c2 − ǫ
)
|x|2 + (1− c2)|y|2 − c3(x∗y + xy∗)
}
+κ′2M4
{
1 + (1− c2)|x|2 − c′1|y|2 − c′3(x∗y + xy∗)
}
−κ′κM4
{
(1 + c2)(x
∗y + xy∗) + 2c3|x|2 + 2c′3|y|2
}
= (κ2 + κ
′2)M4 + κ2M4 × (x∗ y∗)M(x y)T , (19)
where x ≡ S/MP , y ≡ S ′/MP , and the mass matrix M is given by
M =

 c231−c2 − ǫ− κ′κ {2c3 − κ′κ (1− c2)} − c3 − κ′κ {(1 + c2) + κ′κ c′3}
−c3 − κ′κ
{
(1 + c2) +
κ′
κ
c′3
}
(1− c2)− κ
′
κ
{
2c′3 +
κ′
κ
c′1
}

 . (20)
Case (A): In the absence of the second inflatons’s contribution to the superpotential
Eq. (10), namely, κ′/κ→ 0, the smaller eigenvalues of M is given by
− ǫ× (1− c2)
2
(1− c2)2 + c23
, (21)
which can be identified with δ/2 of Eq. (4). Hence, if ǫ ∼ O(10−3), then the small negative
mass term of Eq. (4) can be supported purely by the Ka¨hler potential. Even if c1 is quite
larger or smaller than O(10−3) and its sign is positive, one can still obtain ns ≈ 0.96 by
adjusting the other parameters, c23 and c2. Particularly if c3 ≪ c2 ∼ O(1), the smaller
eigenvalue becomes just −ǫ. In this paper, however, we are more interested in the case to
acquire ns ≈ 0.96 with the help of the superpotential, assuming ǫ . O(10−3). It is because
the superpotential is quantum mechanically controllable unlike the Ka¨hler potential.
Case (B): If c1 = −c23/(1− c2) and κ′/κ . O(1), the mass eigenstates and eigenvalues
during inflation are
 φL
φH

 ≈ 1
D1/2

 1− c2 c3
−c3 1− c2



 x
y

 for
{
m2L ≈ −κ
′
κ
2c3(2−2c2+c3c′3)
D
,
m2H ≈ 1− c2 + c
2
3
1−c2
,
(22)
where D ≡ (1− c2)2 + c23.
Case (C): If c1, c
2
3/(1− c2) ≪ O(1), fulfilling Eq. (13), and κ′/κ . O(1), the mass
eigenstates and eigenvalues are given by
 φL
φH

 ≈

 1 κ′κ 1+c21−c2
−κ′
κ
1+c2
1−c2
1



 x
y

 for
{
m2L ≈ −
(
κ′
κ
)2 4c2
1−c2
,
m2H ≈ 1− c2 .
(23)
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In both cases, the mass squared of the heavier component, φH ×MP is of the Hubble scale
[∼ O(κ2M4/M2P )]. Consequently, it is expected to be stuck to the origin during inflation,
φH = 0. On the other hand, the mass squared of the lighter component, φL ×MP can be
much lighter than the Hubble scale, if (κ′/κ)c3 for Case (B) [or (κ
′/κ)2c2 for Case (C)] is
small enough. Therefore, inflation can be driven only by lighter mass eigenstate. Moreover,
the sign of m2L can be negative, if c3 for Case (B) [or c2 for Case (C)] is positive. φL can
be identified with the ϕ of Eq. (4), and µ4 = (κ2 + κ
′2)M4. Quantum correction by the
coupling between φL and {ψ1,2, ψ1,2} would induce the logarithmic term in Eq. (4), which
leads φL eventually into the origin. φL = φH = 0 implies S = S
′ = 0. As S and S ′ approach
the origin, Eq. (9) becomes violated, and then ψ1,2 and ψ1,2 also roll down to the absolute
minima, developing VEVs. Hence, SUSY is recovered after inflation terminates.
Identification of m2L with δ/2 of Eq. (6) yields
δ
2
≈ −3.5× 10−3 ≈


−ǫ (1−c2)2
(1−c2)2+c23
for Case (A) ,
−κ′
κ
2c3(2−2c2+c3c′3)
(1−c2)2+c23
for Case (B) ,
− (κ′
κ
)2 4c2
1−c2
for Case (C) .
(24)
In Case (B), hence, κ′/κ = (κ′2M
′2)/(κ1M
2) ∼ O(10−3 − 10−1) fulfills the constraint for
c3 ∼ O(1− 10−2). Particularly, if all the quartic terms’s coefficients of the Ka¨hler potential
are of order unity, κ′/κ should be of order O(10−3). On the other hand, all the quartic terms
in the Ka¨hler potential are suppressed, i.e. c
(′)
i (i = 1, 2, 3) including c3 are of order 10
−2 or
smaller, κ′/κ of order 10−1 is necessary.
In Case (C), κ′/κ ∼ O(10−2 − 10−1) satisfies the constraint for c2 ∼ O(1− 10−1). Thus,
the mildly hierarchical κ′ and κ couplings (or κ′2M
′2 and κ1M
2) can generate the small
negative inflaton’s mass squared, explaining ns ≈ 0.96.
FIG. 1 and 2 show how ns and M change as δ varied, based on the scalar potential
V ≈ µ4
(
1− δ
2
+ α log x+
δ
2
x2 + εsx
)
. (25)
Here we included the dominant soft SUSY breaking term, which is the “A-term,” m3/2κSM
2
[= (κ2M4)(m3/2MP/κM
2)(S/MP ) ≡ µ4εsx].3 The presence of the “εs term” in Eq. (25)
3 Since the quadratic term coming from the non-minimal Ka¨hler potential in Eq. (25) is much dominant
over the soft mass term m23/2|S|2 unlike the case of Ref. [13], we neglected the soft mass term of S in
Eq. (25).
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FIG. 1: Spectral index (ns) vs. δ. The three lines correspond to the cases of Ne = 60 (red dashed
line), Ne = 55 (purple solid line), Ne = 50 (blue dotted line). The spectral index is insensitive
to “εs” i.e. the soft SUSY breaking “A-term” in the range of 0.94 . ns . 0.98 Particularly,
δ = −(κ′/κ)2 for 4c2/(1 − c2) = 1/2 in Case (C).
modifies Ne of Eq. (5) into
Ne =
1
2δ
[
log
(
1 +
δ
α
x2 +
εs
α
x
)
+
2εs√−4αδ + ε2sTanh−1
(
εs + 2δx√−4αδ + ε2s
)]
. (26)
It corrects also P1/2
R
of Eq. (7) into
P1/2
R
=
√
2
3
M2
M2P
(
x/
√
α
1 + δx2/α+ ǫx/α
)
≈ 4.93× 10−5 . (27)
But η is still given by δ−α/x2. It can be utilized to substitute x with η and δ in Eqs. (26) and
(27). With Eqs. (26), (27), and η = δ−α/x2, one can get the relations among ns (≈ 1+2η),
M , and δ [or ∼ −(κ′/κ)2], as seen in FIG. 1 and 2. We set εs = m3/2MP/κM2 = 10−7
in FIG. 1. The effect of the εs term turns out to be almost negligible in the range of
0.94 . ns . 0.98. On the other hand, it can be important in determiningM , if α (= κ
2/8π2)
is small enough. As seen in Eq. (24), δ/2 is approximately −(κ′/κ)2[4c2/(1− 4c2)] for Case
(C). For simplicity, we set 4c2/(1 − 4c2) = 1/2 in FIG. 1 and 2. As discussed before, the
center value of ns (≈ 0.96) in WMAP7 is possible when δ/2 ≈ −3.5× 10−3.
Before finishing this section, let us briefly discuss how to suppress c3 and κ
′. Except the
U(1)R symmetry, there is another symmetry as mentioned above, under which ψ1,2 and ψ1,2
in Eq. (8) can carry some proper charges. One can assign a charge also to S ′ such that S ′
in the c3 and c
′
3 terms of the Ka¨hler potential (12) and the κ
′ terms of the superpotential
10
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FIG. 2: Symmetry breaking scale (M) vs. δ. The three lines correspond to the cases of εs/
√
α = 1.5
(red dashed line), εs/
√
α = 0.1 (purple solid line), εs/
√
α = 10−7 (blue dotted line). Particularly,
δ = −(κ′/κ)2 for 4c2/(1 − c2) = 1/2 in Case (C).
(8) should be replaced by S ′ → S ′(ψ1/MP )n, where n is a positive integer determined by
the charge assignment to S ′. Note that such a charge assignment for S ′ leaves intact the
quadratic terms and c′1, c2 terms in the Ka¨hler potential.
If the non-renormalizable terms S(ψ1ψ1)
2/M2P and S
′(ψ1/MP )
n(ψ1ψ1)
2/M2P [and also
S(ψ2ψ2)
2/M2P , S
′(ψ1/MP )
n(ψ2ψ2)
2/M2P ] are included in the superpotential (8), a trajec-
tory of ψ1ψ1 . O(M2P ) during (and also after) inflation is allowed [7]. Accordingly, c3
in the Ka¨hler potential and κ′ in the superpotential are effectively suppressed by the fac-
tor (ψ1/MP )
n. Thus, one could assume that only c1 is small in the bare Ka¨hler potential,
satisfying Eq. (13).
IV. TWO FIELD INFLATION
In this section, we will discuss the possibility that the two fields, i.e. φH and φL (or S
and S ′) both drive inflation. Let us suppose that the mass of φH as well as φL is lighter
than the Hubble scale, (κ2 + κ′2)1/2M2/MP . Unless both of the leading terms for φL and
φH in the scalar potential are logarithmic, then, the spectral index of 0.96 would be easily
achievable.
Only with one inflaton field, CMB spectrum should be almost Gaussian, if the kinetic term
of the inflaton is of the canonical form [15]. With two or more inflaton fields [16–18], however,
an observably large non-Gaussianity is allowed, because the mode of the isocurvature may
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cause it [19]. After the isocurvature modes are exhausted, the curvature perturbation is
preserved during the radiation era. In Refs. [17, 18], large non-Gaussianity is discussed in
the case that the leading terms of two inflatons in the scalar potential are all quadratic in
hybrid inflation. In this case, a negative value of the non-linearity parameter fNL is preferred,
if it is large [18].
In this section, we discuss the case that one of the leading scalar potential is given by a
logarithmic term, while the other is quadratic:
V = µ4
(
1 + αlog
φl
Λ
+
η
2
φ2h
M2P
)
, (28)
where α ≈ κ2/8π2 and η ≡ M2P∂2φV/V ∼ O(10−2). φl/MP and φh/MP are identified with
φL and φH , respectively, discussed in Sec. III. Particularly, φl = S and φh = S
′ in Case (C).
This scalar potential can be obtained e.g. if κ′/κ is quite small [or (κ′2M
′2)/(κ1M
2)≪ O(1)
in Eq. (11)], and c2 is finely tuned [1− c2 ∼ O(10−2)] in Case (C). The slow-roll parameters
for the scalar potential Eq. (28) are estimated as
ǫχ =
M2P
2
(α
S
)2
≡ α
2
1
χ2
, ηχ = −M2P
α
S2
≡ − 1
χ2
, (29)
ǫϕ =
η2
2
(
S ′
MP
)2
≡ |η|
2
ϕ2 , ηϕ = η , (30)
where we defined χ and ϕ as χ ≡ S/√αMP and ϕ ≡
√|η|S ′/MP , respectively. 50-60 e-folds
(= Ne) of χ and ϕ constrains the field values at the time of horizon exit and the end of
inflation as follows:
χ2
∗
− χ2e = 2Ne , ϕ∗ = eNeηϕe , (31)
where ‘∗’ and ‘e’ denote the values evaluated at a few Hubble times after horizon exit and
the end of inflation, respectively. Note that |η∗χ| = 1/χ2∗ < 1/(2Ne) ≈ 0.01 for 50-60 e-folds.
In this paper, we focus on the case of ǫ∗,eϕ ≫ ǫ∗,eχ , since the ǫ∗,eϕ ≪ ǫ∗,eχ case turns out not to
yield large non-Gaussianity.
With the δN formalism [20], the power spectrum and the spectral index can be written
in terms of the slow-roll parameters [21, 22],
PR = µ
4
24π2M4P ǫ
∗
ϕ
(1 + r˜) , ns − 1 = −2ǫ∗ + 2
−2ǫ∗ + η + r˜η∗χ
1 + r˜
, (32)
where ǫ∗ ≡ ǫ∗χ + ǫ∗ϕ, and r˜ is defined as
r˜ ≡ sin
4θe
sin2θ∗
, and sin2θe,∗ ≡
ǫe,∗χ
ǫe,∗ϕ + ǫ
e,∗
χ
≈ ǫ
e,∗
χ
ǫe,∗ϕ
=
α/|η|
χ2e,∗ϕ
2
e,∗
. (33)
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The power spectrum in Eq. (32) determines the Hubble scale, µ2/MP (= |κ|M2/MP ). If
r˜ ≫ 1, the spectral index in Eq. (32) reduces to ns ≈ 1+2η∗χ ≈ 1− 1Ne ≈ 0.98 from Eqs. (29)
and (31). In order to get ns ≈ 0.96, hence, we should take r˜ ≪ 1 or r˜ ∼ O(1). Then, ns is
contributed mainly by η, and so it should be a negative value. Since ns − 1 ≈ −0.04 and
ǫ∗ ≪ η, η∗χ (= −1/χ2∗), the second equation in Eq. (32) can be simplified as
η ≈ −0.02(1 + r˜) + r˜
χ2
∗
. (34)
η < 0 implies that the field value of φh [or S
′ in Case (C)] should increase during inflation
from Eq. (31) [while φl (or S) decreases]. As will be seen, S
′
e/S
′
∗
= ϕe/ϕ∗ ∼ 3 and Se/S∗ =
χe/χ∗ ∼ 0.1 for the cases in which we are interested.
We suppose that the first condition of Eq. (9) is first violated. It can be easily achieved
e.g. if κ2 ≈ 0 and M ′ ≪ M , because S ′ increases during inflation. Recall that the first
(second) inequality in Eq. (9) is the condition of the positive mass squared for the waterfall
fields ψ1 and ψ1 (ψ2 and ψ2) at the origin. Once the first condition of Eq. (9) violated, thus,
the waterfall fields ψ1 and ψ1 become tachyonic at the origin. Hence, ψ1 and ψ1 should
develop non-zero VEVs at their local minima.
Assuming ψ1 and ψ1 develop VEVs in the real direction, the D-flat condition ψ1 = ψ
∗
1
(≡ ψr/
√
2) yields the following dominant scalar potential:
V =
(
κ2 + κ′2
)
M4 −
[
κ2M2 + κ′1κ
′
2M
′2 − |κS + κ′1S ′|2
]
ψ2r + (κ
2 + κ′21 )
ψ4r
4
(35)
from the superpotential (8), because still 〈ψ2〉 = 〈ψ2〉 = 0. Here we dropped the mass term
of S ′ coming from the Ka¨hler potential; it is much smaller than κ′21 ψ
2
r |S ′|2 in Eq. (35), if
κ′21 /(κ
′2
1 + κ
2)≫ η or κ′21 ≫ κ2. It is because ψ2r turns out to be of order V/M2P (κ2+ κ′21 ), as
will be seen below. Note that the heavier mass eigenstate is (κS + κ′1S
′)/
√
κ2 + κ′21 , when
〈ψr〉 6= 0. The VEV of ψr can be determined at its local minimum, satisfying ∂ψrV = 0:
1
2
(κ2 + κ′21 )ψ
2
r = κ
2M2 + κ′1κ
′
2M
′2 − |κS + κ′1S ′|2 . (36)
Inflation terminates when the heavier mass eigenstate, (κS + κ′1S
′)/
√
κ2 + κ′21 (≡ S˜)
violates the slow roll condition: ηs˜ = M
2
P∂
2
s˜V/V ∼ O(1), that is to say,
M2P (κ
2 + κ′21 )ψ
2
r = cV , (37)
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where c is a number of order unity (≈ 3 [23]). It is the condition for the end of inflation
[24]. With Eqs. (35) and (36), the condition for the end of inflation, Eq. (37) becomes
V =
2
c2
(κ2 + κ′21 )M
4
P
{
−1 +
√
1 +
c2(κ2 + κ′2)M4
(κ2 + κ′21 )M
4
P
}
≈ (κ2 + κ′2)M4 . (38)
Namely, the condition for end of inflation implies V (S, S ′) = constant, which is independent
of the exact value of c. Since the condition for end of inflation is given by a uniform energy
density condition, the end point effect of non-Gaussianity would be negligible [24, 25].4
After the heavier mass eigenstate, S˜ violates the slow roll condition, it becomes more
accelerated toward the origin, and at some point it violates also the second condition of
Eq. (9). So ψ2 and ψ2 also roll down to their true minima, developing large VEVs. Hence,
S and S ′ both eventually return to their SUSY minima.
In the limit of sin2θ∗ ≪ sin2θe ≪ 1, the non-linearity parameter fNL can be potentially
large [21]. In this limit, fNL approximately becomes
5
fNL ≈ 5 r˜
2
6 sin2θe(1 + r˜)2
(−η∗χ + 2ηeχ) . (39)
Since |η∗χ| ≪ |ηeχ| and η∗χ < 0, fNL in this case should be negative, if it is large. With
sin2θe = r˜ sin
2θ∗/sin
2θe = r˜ χ
2
eϕ
2
e/χ
2
∗
ϕ2
∗
= r˜ χ2ee
−2Neη/χ2
∗
from Eqs. (33) and (31) and using
Eqs. (31), (29), and (34), Eq. (39) becomes
− fNL ≈
(
5χ2
∗
3χ4e
)
r˜
(1 + r˜)2
e2Neη ≈ 5(χ
2
e + 2Ne)
3χ4e
r˜
(1 + r˜)2
e−2Ne[0.02(1+r˜)−r˜/(χ
2
e+2Ne)] . (40)
Since the constraint by the WMAP7 data is −10 < f localNL < 74 in the 95% confidence level,
the absolute value of fNL should be smaller than 10. In TABLE I, we present the some
parameters yielding negative non-Gaussianity of order unity and ns = 0.96.
4 The end point effect in non-Gaussianity for the case that two inflaton masses are hierarchical (m21 ≫ m22)
has been discussed in Ref. [17]. As will be seen later,m21 (= ηχ) andm
2
2 (= η) in our model are estimated as
|ηχ| ∼ O(1)≫ |η| ∼ O(10−2), when inflation is over. Following the notation of Ref. [17], G = 2|κS+κ′1S′|2
and λ = (κ2 + κ′21 ). Hence, g
2
1 = 0, g
2
2 = 2(κ
2 + κ′21 ), and sinα = −κ/
√
κ2 + κ′21 , cosα = κ
′
1/
√
κ2 + κ′21 .
Since κ′21 ≫ κ2 in our case, α ≈ 0. Our model corresponds to the case of β = γ = pi/2 and δ = 0 of
Ref. [17]. With such parameters, the end point effect in non-Gaussianity cannot be large.
5 In fact, the Ka¨hler potential in this case is not minimal, as seen in Eq. (12). Hence, the kinetic terms
of the inflaton fields are not of the canonical form. However, the non-canonical effects [22] give just the
correction of fNL ×O(S(′)2/M2P ≪ 1) to Eq. (39), even if the coefficients in the Ka¨hler potential were of
order unity.
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fNL Ne χe r˜ η sin
2θe sin
2θ∗
−10 55 0.7 0.245 −0.023 1.3 · 10−2 7.1 · 10−4
−5 55 0.8 0.167 −0.022 1.1 · 10−2 6.8 · 10−4
−3 50 1.0 0.306 −0.023 3.0 · 10−2 3.0 · 10−3
−1 60 1.2 0.255 −0.023 4.8 · 10−2 1.1 · 10−3
TABLE I: Some parameter values, yielding ns = 0.96. The values of sin
2θe and sin
2θ∗ listed in the
table fulfill sin2θ∗ ≪ sin2θe ≪ 1, ensuring the validity of Eq. (39).
For given Ne, χe and r˜, fNL and η are determined from Eqs. (40) and (34). Then, sin
2θe
and sin2θ∗ can be also estimated from the relations, sin
2θe = r˜χ
2
ee
−2Neη/χ2
∗
and sin2θ∗ =
sin4θe/r˜. Note that fNL, η, sin
2θe, sin
2θ∗, etc. do not depend on the each value of ϕe or
ϕ∗ but on the ratio ϕe/ϕ∗ (= e
−Neη ∼ 3): ϕe or ϕ∗ is necessary only to determine α via
Eq. (33). α can be small enough by taking small ϕe or ϕ∗.
V. CONCLUSION
In this paper, we have studied the SUSY hybrid inflation in the case that one more singlet
field carrying the same quantum number with the inflaton is present. A parameter space of
the Ka¨hler potential [c1 + c
2
3/(1 − c2) ∼ O(10−3)] permits ns ≈ 0.96. However, the Ka¨hler
potential is not quantum mechanically controllable. It was pointed out that by such one
more singlet, the superpotential can mainly control the spectral index to ns ≈ 0.96, once
one fine-tuning in the Ka¨hler potential is assumed.
In this model, inflation is dominated by the superpotential, W = (κS+κ′S ′)M2, but only
one linear combination of S and S ′ drives inflation. The smallness of κ′/κ [∼ O(10−1–10−3)]
in the superpotential can be responsible for the small negative mass squared of the inflaton
needed for explaining ns ≈ 0.96.
We also discuss non-Gaussianity, when the both singlets become light enough, and one
singlet is governed by a logarithmic potential and the other by a quadratic one. In this case,
the non-linearity parameter fNL is constrained to a negative value, if it is large.
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